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The pressure-temperature phase diagram of an intermediate-valence compound YbPd was re-
vealed via simultaneous ac-calorimetry and electrical resistivity measurements. Two successive
structural phase transition temperatures, T1 = 125 K and T2 = 110 K, are found to decrease
with increasing pressure. The magnetic ordering transition at TN ∼ 1.9 K decreases monoton-
ically up to 1.7 GPa and disappears discontinuously at Pc ∼ 1.9 GPa, where the structural
phase transition at T2 is also suppressed. At Pc, enhancement of the effective mass and residual
resistivity are observed. Another probable magnetic phase transition, however, is found to take
place at TML ∼0.3 K and smoothly varies even when crossing Pc. Structural phase transitions
at ambient pressure were also studied by a single crystal X-ray diffraction measurement. Below
T2, a tetragonal lattice distortion with doubling of the unit cell along the c-axis is observed,
and thus there are two inequivalent Yb-sites below Pc. These results indicate that one Yb-site,
having larger valence configuration and thus smaller Kondo temperature, orders at TN. The
other phase transition at TML seems to couple to the crystal structure for T2 < T < T1. YbPd
is a unique system exhibiting magnetic orderings in metallic charge-ordered Yb systems.
KEYWORDS: YbPd, charge ordering, magnetic ordering, pressure-temperature phase diagram
1. Introduction
Various novel ground states of many Ce and Yb
based intermetallic compounds have been considerably
studied.1, 2 Unconventional superconductivity and devi-
ation from Fermi liquid behavior due to the enhance-
ment of quantum fluctuations at the quantum criti-
cal point have been observed, for example, in CeIn3
and β-YbAlB4.
3, 4 When the doublet ground state in
these Kramers ions is realized, the exchange interac-
tion between the conduction electrons and f -electrons
seems to determine the ground state. The Ruderman-
Kittel-Kasuya-Yosida interaction stabilizes the magnetic
ground state, while the screening of the magnetic mo-
ment occurs due to the formation of the Kondo singlet.
For Ce systems, the magnetic ordered state is suppressed
under pressure, which has often been compared with
Doniach’s phase diagram.5 Yb-based compounds with a
Yb3+ configuration, one 4f hole, are thought to be coun-
tersystems to the one 4f electron of trivalent Ce-systems.
In contrast to Ce systems, pressure-induced magnetic
phase transitions are often observed in Yb-systems.
The differences between Ce and Yb systems have re-
cently been discussed.6, 7 Because of the different hierar-
cchies of the energy scales, such as Kondo temperature,
4f -band width, and crystal electric fields, in the real lat-
tice Yb-valence varies widely between the non-magnetic
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2 + (J = 0) and the magnetic 3 + (J = 7/2), while Ce
valence varies only between 3+(J = 5/2) and ∼ 3.2+. In
the former case of intermediate valence, the Kondo tem-
perature TK could be small due to the narrower 4f -band
than Ce. Thus Yb-compounds are expected to have a
magnetic and/or heavy fermion state even in the valence
fluctuating regime, something which is only realized in
the very nearly trivalent configuration for Ce-systems.
Another intriguing phenomenon is charge ordering;
Yb3+ and Yb2+-configurations lie on the sublattices,
for example, in semimetallic Yb4As3.
8 In contrast, for
metallic cases hybridization between 4f and conduction
electrons may lead to charge orderings of different non-
integer configurations. Being distinguished from the ho-
mogeneous intermediate valence systems, such materials
are called heterogeneous mixed-valence systems. These
compounds have two or more crystallographically in-
equivalent sites, and the valences for the respective sites
are different. Because of their different electronic con-
figurations, magnetic ordering may occur for one of the
sublattices. However, the magnetically ordered state is
rarely observed in heterogeneous mixed valence systems.
YbPd has been suggested as one such metallic het-
erogeneous mixed-valence system and shows puzzling
four phase transitions at 125, 110, 1.9 and 0.5 K, al-
though it crystallizes in a simple CsCl-structure under
ambient conditions.9, 10 The higher temperature transi-
tions at T1(T2) = 125 K (110 K) have been detected
as symmetric sharp peaks in the temperature depen-
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dences of thermal expansion coefficient and specific heat,
and a clear thermal hysteresis in the electrical resistiv-
ity.9, 12 However, no anomalies in the magnetic suscep-
tibility have been reported, implying first-order struc-
tural phase transitions.11, 12 Its structural distortion has
been revealed by Raman scattering experiments; the
crystal structure of YbPd loses four-fold symmetry at
4 K, and appears to begin to deform below T1=125 K.
13
At TN ∼ 1.9 K, an antiferromagnetic phase transi-
tion has been confirmed via magnetic susceptibility and
Mo¨ssbauer measurements.9, 10 In contrast to the other
Yb-compounds, in which pressure often stabilizes the
magnetic ground state, the pressure suppression of TN
in YbPd is manifested by a negative thermal expansion
coefficient jump.9, 14 In fact, it has been reported that
TN decreases with increasing pressure.
15 In addition, the
susceptibility and the thermal expansion show clear ther-
mal hysteresis around ∼0.5 K.9, 14 Despite many exper-
imental works in the literature, the origin of the phase
transition has not yet been solved.
Moreover, it has been indicated by Mo¨ssbauer stud-
ies that the non-magnetic and magnetic Yb-sites coexist
in almost equal proportions in the ordered state.10 The
magnetization and magnetic entropy are well reproduced
by assuming that half of the Yb-ions have the magnetic
Yb3+ configuration.12, 14 Therefore, it is proposed that
half of the Yb-ions form a heavy fermion antiferromag-
net and that the structural phase transitions at T1 and T2
are associated with ordering of the Yb-valence, i.e., the
magnetic state close to Yb3+ and the nonmagnetic one
having intermediate valence.10, 14, 15 However, there is no
experimental evidence of charge ordering in YbPd, such
as the the existence of a detailed pressure-temperature
phase diagram including the low temperature region and
the observation of crystallographic inequivalent Yb-sites.
In this paper, we have carefully determined the
pressure-temperature phase diagram via precise electri-
cal resistivity and ac-calorimetry measurements. On the
basis of these measurements, we discuss the interplay be-
tween the valence and magnetic instabilities in YbPd.
The magnetic phase below TN only exists up to Pc ∼
1.9 GPa, where the phase transition at T2 is also sup-
pressed, while another probable magnetic phase transi-
tion at TML < TN still remains across Pc. Tetragonal
lattice distortion below T2 is observed via single crys-
tal X-ray diffraction measurements at ambient pressure,
indicating the existence of the two inequivalent crystal-
lographic Yb-sites. Because of the resultant different sur-
roundings of Yb-ions, different characteristic energies,
namely TK varying with 4f -occupation number, cause
one of the Yb-sites to magnetic order at TN. The other
magnetic phase transition at TML seems to couple to the
structure for T2 < T < T1. Possible scenarios explaining
the low temperature magnetism in this heterogeneous
mixed-valence system are discussed.
2. Experimental
Single crystals of YbPd were grown by the self flux
method.16 Typical dimensions of the grown crystals were
1×1×1 mm3. A CuBe diamond-anvil pressure cell filled
with glycerin as a pressure-transmitting medium was
used for applying pressure. The pressure was changed
at room temperature and determined by a ruby fluores-
cence method at 10 K. The pressure medium remained
liquid up to ∼5 GPa and at room temperature,17, 18 indi-
cating that hydrostatic conditions were well satisfied in
the studied pressure range. For simultaneous electrical
resistivity ρ and ac-calorimetry Cac measurements, two
Au-AuFe(0.07%) thermocouples (TC) and two gold wires
were welded on the edges of a rectangular shaped sample
with a size of ∼ 200 µm×80 µm×40 µm. ρ was measured
by the four probe ac method down to 60 mK. For Cac
measurements, the sample temperature was modulated
by the ac current through the sample between 60 mK and
4 K. The suitable modulating frequency was usually de-
termined by the frequency dependence of lock-in-voltage
A, as shown in Fig.1. At 0.3 K, non trivial dispersion
of A around ω ∼10 Hz was seen, and it was suppressed
at 0.07 K. As a result, the measuring frequency in this
work was fixed at ω = 203 Hz, which is well above the
frequency showing anomaly in A(ω) below 0.5 K and
satisfies the measuring condition. Taking into account
the phase shift between heater and TC, φ, we calculate
Cac using the formula; Cac = −P0 sinφ/ω|Tac|, where
P0 is the heating power. The relative change of Cac as
a function of pressure above TN were directly compara-
ble, because the same modulation current and frequency,
and the same experimental electronics were used for each
pressure.
Single crystal X-ray diffraction measurements were
performed with a four-circle X-ray diffractometer at-
tached to a rotating anode Mo Kα X-ray generator
at ambient pressure. The sample temperature was con-
trolled using a closed cycle refrigerator.
3. Experimental results
3.1 Pressure dependence of T1 and T2
First, we address the pressure dependence of the
high temperature structural phase transitions at T1 and
T2 as observed from electrical resistivity measurement.
Fig. 2(a) represents the temperature dependence of the
resistivity ρ(T ) at several pressures. In the high temper-
ature region above T1, ρ(T ) is insensitive to tempera-
ture but drops at T1 and T2 on cooling. These drops are
clearly seen as peaks in the dρ/dT curves in Fig. 2(b). T1
and T2 are observed to decrease with increasing pressure.
This behavior is in agreement with previously reported
resistivity and thermal expansion measurements for poly-
crystalline samples.12, 15 A broad peak corresponding to
dρ/dT of around 16 K is also observed and is insen-
sitive to pressure. A similar anomaly has been exhib-
2/??
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Fig. 1. (Color online) Frequency dependence of Lock-in-voltage
A, which is proportional to Tac, at 0.55 GPa and several tem-
peratures. The lines show fitting results for the equation A ∝
Tac = P0/(κ+iωC), where κ is the thermal conductivity between
sample and the environment. For ac-calorimetry measurements,
ω > κ/C should be satisfied. Note that a dispersion A(ω) ap-
pears below TMH ∼ 0.5 K, probably reflecting phase separation
or the coexistence of higher and lower temperature phases.
ited in the specific heat measurements,9 although its ori-
gin is not clear. Above 1.74 GPa, T2 is suppressed. In-
terestingly, at low temperature ρ is strongly enhanced;
this enhancement will be discussed later. Due to smear-
ing of the dρ/dT anomaly at T1 with increasing pres-
sure, T1(P ) can not be unambiguously determined above
2 GPa. However, previously reported thermal expansion
measurements clearly detected the transition at T1 at up
to 1.7 GPa, implying it still exists at higher pressure.15
T1 may become 0 K at a pressure of ∼4 GPa by linear ex-
trapolation, which agrees with previous report.15 These
results suggest that the ground state changes while cross-
ing these pressures, accompanied by deformation of the
crystal structures for T < T2, T2 < T < T1 and T > T1,
an important finding.
3.2 Pressure dependence of magnetic transitions
Precise simultaneous resistivity and ac-calorimetry
measurements revealed the rich magnetic pressure-
temperature phase diagram of YbPd. Figures 3 (a) and
(b) represent the temperature dependence of the resis-
tivity ρ and the ac specific heat divided by tempera-
ture Cac/T under several pressures and below 2.5 K.
At the lowest measured pressure of P ∼ 0.25 GPa, a
kink in ρ and a λ-shaped anomaly in Cac/T appear at
TN ∼1.9 K. This temperature is in agreement with pre-
vious reports.9, 14 On further cooling, a drop in ρ and
a peak in Cac/T are observed at 0.47 K, also as previ-
ously reported.14 This temperature is hereafter labeled
TMH. The transition at TMH is obviously first order, due
to the observation of thermal hysteresis. The first order
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Fig. 2. (Color online) Temperature dependences of (a)ρ and (b)
the temperature derivative dρ/dT of YbPd under different pres-
sures. The arrows indicate the structural transition temperatures
T1 and T2.
phase transition at TMH may be a transition between
two magnetic structures, such as a transition between
incommensurate and commensurate. The dispersion of
A(ω) below 0.5 K in Fig. 1 may relate to this first order
phase transition. Surprisingly, another peak appears in
Cac/T at ∼ 0.30 K, while no anomaly in ρ(T ) is observed.
While two similar peaks in the susceptibility at 0.3 K
and 0.7 K on warming have previously been reported,9
the authors did not declare whether the anomaly corre-
sponded to the phase transition. We confirm the exis-
tence of a phase transition thermodynamically, and the
transition temperature is hereafter labeled as TML. Be-
cause of the doublet ground state, the phase transition
at TML is magnetic in origin. This will be discussed in
detail later. Thus, in addition to the known four phase
transitions, we have newly found a magnetic phase tran-
sition.
With increasing pressure, TN decreases monotoni-
cally, TMH increases with suppression of the hystere-
sis loop, and TML weakly increases. The hysteresis loop
around TMH closes at P ∼1.45 GPa and T ∼0.72 K. TMH
disappears as if the first order transition has changed
to a crossover. Above 1.9 GPa, any anomalies corre-
sponding to the phase transition at TN are not observed,
indicating that the transition is suppressed discontin-
uously. Moreover, both ρ(T ) and Cac(T )/T curves are
drastically changed and their values are enhanced, as
shown in Fig. 3. At 1.93 GPa, Cac(T )/T only shows a
3/??
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Fig. 3. (Color online) Temperature dependences of (a) ρ and (b)
Cac/T (semi-log plot) of YbPd under different pressures. The
right and left scales in (a) are for below and above 1.74 GPa, re-
spectively. The arrows indicate TN, TMH, and TML. The thermal
hysteresis around TMH for P < Pcr ∼1.45 GPa is also notable.
broad peak at ∼ 0.6 K, and a broad kink in ρ(T ) is
observed correspondingly. At higher pressure this broad
kink in ρ(T ) is more pronounced. The temperature con-
nects to TML at lower pressure, implying that the anoma-
lies correspond to the phase transition at TML. Finally,
TML varies smoothly with pressure, while TN disappears
around 1.9 GPa.
3.3 Pressure-temperature phase diagram
The pressure-temperature phase diagram of YbPd
is depicted in Fig 4 (a). With increasing pressure, T1,
T2, and TN decrease, while TMH and TML increase. The
hysteresis and anomalies in Cac(T )/T and ρ(T ) at TMH
disappear above 1.5 GPa. These results suggest that
the probable magnetic phase transition changes to a
crossover. Interestingly, the magnetic ordering at TN cou-
ples strongly to the structural phase transition at T2. TN
is suppressed discontinuously at Pc ∼1.9 GPa, where the
transition at T2 also collapses, as seen in Fig. 2. These re-
sults mean that Pc is first order in nature. TN only exists
below T2.
As shown in Fig. 4 (b), the effective mass deduced
by Cac/T at T = 2 K in the paramagnetic state shows
a sharp peak. Here, the mass enhancement seems to be
driven by the change in crystal structure and the collapse
of magnetism. In the case of CeIn3, mass enhancement
is observed at 2.5 GPa,19 where the antiferromagnetism
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Fig. 4. (Color Online) (a) Pressure temperature phase diagram
of YbPd. T1, T2, and TMH on warming are plotted. (b) Pressure
dependence of the Cac/T in the paramagnetic phase of T = 2 K
(left scale) and ρ at 0.1 K (right scale).
collapses discontinuously.20 Similarly, for YbPd the small
energy of TN ∼ 1.2 K seems to give rise to a signifi-
cant fluctuation and thus mass enhancement even at the
first order critical point. In addition, ρ at 0.1 K, ap-
proximately the residual resistivity, is strongly enhanced
across Pc. This may be due to the change in crystal
structure and the resultant valence. Theoretically, it is
proposed that the enhancement of residual resistivity oc-
curs at the critical point or even crossover of the valence
change.21 These characteristics suggest that the charge
ordering occurs at T2 and is suppressed at Pc. At ambi-
ent pressure, however, the averaged Yb-valence of YbPd
is ∼ 2.8+ and is insensitive to temperature even when
crossing T1 and T2. Therefore, the structural phase tran-
sitions at T1 and/or T2 are expected to make the Yb-sites
inequivalent.
3.4 X-ray diffraction measurements using single crystal
The cubic structure observed at room temperature
changes to a tetragonal structure at low temperature.10
Moreover, Raman scattering measurements revealed that
the symmetry of the crystal structure at 4 K is lower
than the tetragonal symmetry.13 To address the struc-
tural phase transitions at T1 and T2 in more detail, we
performed X-ray diffraction measurements using an as-
grown single crystal at ambient pressure. Here, the pre-
liminary results explaining the phase diagram are pre-
sented, while the details will be reported elsewhere.22
Splitting of the Bragg reflection at QB = (0, 0, l),
4/??
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Fig. 5. (Color online) (a) Temperature dependence of the super-
lattice reflection intensity at Qs = (0, 0, 6.5) at ambient pressure.
The full and open symbols indicate data obtained on cooling
and heating, respectively. (b) Superlattice peak profiles along
the (0 0 ζ) line measured at 140 K (above T1) and 95 K (be-
low T2). The peak splitting is due to the Mo Kα1 and Kα2.
(c) The most probable structural model for LT-phase (T < T2).
The unit cell is doubled along the c-axis due to the displacement
of Pd-atoms. The distance of Yb(1)-Pd is shorter than that of
Yb(2)-Pd.
where l is an integer, was clearly observed below T1 (not
shown), indicating that the symmetry below T1 is lower
than cubic. Moreover, an intense superlattice reflection
at Qs = (0, 0, 6.5) was observed below T2 as shown in
Fig. 5(b). The superlattice reflection intensity discontin-
uously appears at T2 and increases on further cooling,
confirming a first order nature (Fig. 5(a)). No other su-
perlattice reflections are observed at either (n/2 n/2 n/2)
or (n/2 n/2 0). These results indicate that below T2 the
crystal structure is tetragonal with a doubled unit cell
along the c-axis. At 10 K, the c/a ratio is approximately
1.007, in good agreement with the previously reported
value.10 The most probable structure model below T2 is
that the Pd atoms displace along the c-axis, resulting in
the two inequivalent Yb-sites, as shown in Fig. 5(c). The
Yb-sites with shorter and longer distances to Pd are la-
beled as Yb(1) and Yb(2), respectively. The valence of
the Yb(1)-ion is expected to be larger than that of Yb(2),
because the radius of the Yb3+ ion is smaller than that
of Yb2+. Below Pc, the Yb(1) sublattice seems to order
magnetically.
In this study, we could not observe any breaking of
the four-fold symmetry as reported from the Raman scat-
tering measurements.13 It is important to reveal whether
the four-fold symmetry is preserved at lower tempera-
ture. In any case, two inequivalent Yb-sites exist below
T2.
4. Discussion
The charge ordering of YbPd has been proposed as
the ordering of magnetic and non-magnetic Yb-ions in
almost equal quantities at 50 mK.10 Here, we have re-
vealed that the structural phase transition from cubic to
tetragonal symmetry at T2 causes the Yb-sites to exist
as two inequivalent ones, as shown in Fig. 5(c). It is ex-
pected that the electronic configurations of Yb(1) and
Yb(2) are different. This phase transition is reminiscent
of the charge ordering observed in Yb4As3.
8 The order-
ing is also accompanied by the structural phase transition
from cubic to trigonal symmetry.24 In the charge ordered
state, there are two inequivalent Yb-sites; 1/4 of the Yb-
ions exist as Yb3+ arraed along the [1 1 1]-direction and
the other 3/4 Yb-ions in the unit cell are Yb2+.25 The
mean Yb-valence is thus expected to ∼2.25+ from the
ratio of the divalent and trivalent Yb-ions, which is in
good agreement with the effective moment.8 In contrast
to metallic YbPd, Yb4As3 is a semi-metal having an ex-
tremely low carrier concentration of 0.001 per Yb-atom.8
A difference between high and low carrier systems ap-
pears in their resistive anomaly at charge ordering tem-
perature. The latter exhibits a sudden increase in the re-
sistivity because the charge ordering decreases the carrier
density. In contrast, for YbPd the resistivity decreases at
T1 and T2, as shown in Fig. 2(a). The carrier density is
almost constant, because the average valence is insensi-
tive to temperature, and the decrease in resistivity arises
from the suppression of valence fluctuation.
For YbPd, the average valence is ∼2.8 and is in-
sensitive to temperature. Therefore, charge ordering of
the divalent and trivalent configurations in equal pro-
portions is ruled out. It is expected that the charge is
screened through the hybridization between conduction
and f electrons (c-f hybridization), and thus the inter-
mediate valence state may be stabilized in such metallic
systems. Some Yb compounds, for example Yb2Pt3Sn5
26
and Yb5Si3,
27 and YbPd3S4,
28 are known to be hetero-
geneous mixed-valence systems. In stark contrast to the
semiconducting Yb4As3, for metallic systems the inter-
mediate valence of the Yb-ions lie on the ordered sublat-
tices. The interesting and remarkable phenomena exhib-
ited by YbPd compared to these heterogeneous mixed-
valence systems are the magnetic orderings in the charge
ordered phases, and that they can be tuned by altering
the external pressure. This is due to the moderate bal-
ance between charge and spin screenings through the c-f
hybridization.
The Yb3+-ion in the non-cubic lattice splits the
J = 7/2 multiplet into four Kramers doublets for YbPd
below T2. For the doublet ground state in zero ap-
plied field, magnetic ordered or heavy fermion states
could be realized to lift the degeneracy in the case for
∆CEF > kBTK, where ∆CEF is the splitting energy be-
tween ground and first excited states.6, 7 For YbPd, the
observation of CEF inelastic scattering indicates TK is
comparable to ∆CEF.
23 It is also known that TK varies
5/??
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with the occupation number of the 4f level nf ,
kBTK ∼
(1− nf )
nf
∆4fNf , (1)
where ∆4f and Nf are the 4f -band width and the degen-
eracy of the 4f multiplet, respectively.29–31 Owing to the
much smaller ∆4f of Yb than Ce, TK could be smaller
or comparable to ∆CEF even in the intermediate-valence
state (nf ≪ 1), which is in strong contrast to the Ce-case.
This leads to intermediate valence Yb-systems in the
magnetic ordering or paramagnetic heavy fermion states,
which are usually restricted to the trivalent (nf = 1) con-
figuration in Ce.
The tetragonal distortion at T2 excludes the pro-
posed Γ8 quartet ground state, and thus the possibility
of quadrupolar ordering.9, 23 Therefore, magnetic order-
ing is most probable at both TN and TML. Yb(1), which
has the shorter distance to Pd, is expected to have the
larger valence due to the smaller ionic radius of Yb3+
than that of Yb2+, and the resultant smaller TK expected
from Eq. (1). Conversely, Yb(2) has larger TK. The dif-
ferent TKs seem to give rise to the different magnetic
ordering transition temperatures for Yb(1)- and Yb(2)-
sublattices, i.e. TN and TML. From the above considera-
tion, both transitions would be expected to disappear at
Pc, where T2 is suppressed. In fact, while TN only exists
below T2, the phase transition at TML still remains above
Pc. Thus, the TML transition seems to couple to the T1
phase transition. These results indicate that charge or-
derings near and far from the trivalent configurations
occur not only at T2 but also at T1.
While the existence of the phase transition at TML
has been clearly observed both from the present ac-
calorimetry results and previous susceptibility studies,9
it could not be detected at ambient pressure in some
experiments. The hyperfine field is not significantly
changed at either TMH or TML.
10 The resistivity also
shows no anomaly at TML below Pc, as seen in Fig.3(b).
The change in the magnetic scattering, probably in pro-
portion to the change in the ordered moment, is very
small. This may be in agreement with the lack of an
anomaly in the hyperfine field; the experimental resolu-
tion for 140Yb isotope Mo¨ssbauer has been reported to
be 0.15 µB.
32 It may also be in agreement with the low
transition temperature of TML ∼0.3 K. The ordered mo-
ment is significantly reduced through the c-f hybridiza-
tion. In addition, the specific heat and thermal expan-
sion results measured for a polycrystalline sample ex-
hibited anomalies corresponding to the phase transition
at TN and TMH, but not at TML.
14 Because the phase
transition at TML couples with the crystal structure for
T2 < T < T1, the polycrystalline crystal averages sub-
tle sublattices, and thus the magnetic ordering at TML is
smeared out. In addition, below Pc, the magnetic phase
transition at TN seems to smear the transition at TML.
Across Pc, the anomalies in ρ(T ) and Cac(T )/T that cor-
respond to the transition are significantly emphasized.
The clear anomaly in ρ(T ) above Pc is due to the release
of the large residual entropy. The existence of an inter-
play between T1 and TML is further speculated from these
results. We have also observed splitting of the Bragg
peaks (not shown) and a small but significant develop-
ment of the superlattice reflection below T1 (Fig. 5(a)).
Similarly to the structure observed below T2, some of the
Yb-ions have near trivalent configurations in the struc-
ture below T1, and the sublattice is expected to order
below TML.
At Pc, the effective mass (Cac/T ) and the residual re-
sistivity are strongly enhanced. After peaking, the mass
still remains at a larger value than that below Pc. This
indicates that the magnetically ordered 4f electrons form
heavy fermion states through hybridization with the con-
duction electrons. The enhancement of the residual re-
sistivity at Pc indicates that the structure and the re-
sultant valence change across Pc.
21 A similar enhance-
ment in ρ0(P ) at Pc has also been observed in YbInCu4,
which shows isostructural phase transition accompany-
ing the first order valence transition at ambient pres-
sure.33 These results support the proposed scenario for
the charge ordering of YbPd at T1 and T2; trivalent and
the intermediate valence states lie on the sublattices. It is
important to solve the crystal structure for T2 < T < T1,
which is currently in progress.22 It is also very important
in revealing whether the ordered phase collapses at the
pressure suppressing T1.
Pressure often stabilizes the magnetic ground state
in Yb-systems because Yb3+ has a smaller ionic radius
than non-magnetic Yb2+. In contrast, for YbPd the mag-
netic phases are suppressed with pressure as for the Ce
Kondo lattices. The pressure dependence of Kondo tem-
perature TK and the antiferromagnetic exchange J for
Ce- and Yb-based Kondo lattices have been discussed
theoretically.34 With increasing pressure, both TK and J
show a broad minimum in the case of Yb, while for Ce
they increase monotonously. YbPd may locate near the
pressure of the broad minimum in TK and J in terms of
Ref. 34. Moreover, the antiferromagnetic phase is desta-
bilized with suppression of the low temperature phase.
The charge ordering thus plays a very important role in
the low temperature magnetism.
It is also interesting how the ground state varies
above the expected critical pressure, where T1 collapses.
Above this pressure, the intermediate valence state is sta-
bilized over the whole temperature range in a similar case
to that of homogeneous valence fluctuating systems. The
latter materials, for example YbCu2Si2, change ground
state from non-magnetic to magnetic at relatively high
pressure.35 However, no pressure-induced phase transi-
tions have been observed for YbPd at up to 8 GPa,.15
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5. Conclusion
Precise electrical resistivity and ac-calorimetry
measurements have revealed the unique pressure-
temperature phase diagram of YbPd. In addition to the
reported four phase transitions, we have found a lower
temperature magnetic phase transition at TML ∼0.3 K.
Single crystal X-ray diffraction measurements confirmed
that the structural phase transition at T2 doubles the
unit cell along the c-axis, resulting in two inequivalent
Yb-sites in the tetragonal symmetry. These results are
decisive evidence of charge ordering in the metallic sys-
tems. One Yb-site having larger valence and smaller
Kondo temperature may order magnetically at TN. This
scenario agrees with the fact that TN is discontinuously
suppressed at Pc, where T2 collapses. In addition, strong
enhancements of the residual resistivity and effective
mass are observed at Pc, suggesting the development of
spin and valence fluctuations. YbPd is a unique system
which shows magnetic ordering in charge ordered states.
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